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Description 

BACKGROUND OF THE INVENTION 

(1) Field of the Invention 5 

[0001] The present invention relates to the field of 
valve controllers in systems and methods, and fuel in- 
jection systems utilizing the same. 

(2) Prior Art 

[0002] Fuel injectors are used to introduce pressu- 
rized fuel either directly into the combustion chamber of 
an internal combustion engine or, alternatively, into the 
intake manifold adjacent to the inlet valve of each cylin- 
der. Figure 1 shows a fuel injection system 1 0 of the prior 
art as used for diesel injection directly into the combus- 
tion chamber of a diesel engine. The injection system 
includes a nozzle 12 that is coupled to a fuel port 14 
through an intensifier chamber 1 6. The intensifier cham- 
ber 16 contains an intensifier piston 18 which reduces 
the volume of the chamber 16 and increases the pres- 
sure of the fuel therein. The pressurized fuel is released 
into a combustion chamber through the nozzle 12. 
[0003] The intensifier piston 1 8 is stroked by a work- 
ing fluid that is controlled by a poppet valve 20. The 
working fluid enters the valve through port 22. The pop- 
pet valve 20 is coupled to a solenoid 24 which can be 
energized to pull the valve into an open position. As 
shown in Figure 2, when the solenoid 24 opens the pop- 
pet valve 20, the working fluid applies a pressure to the 
intensifier piston 18. The pressure of the working fluid 
moves the piston 1 8 and pressurizes the fuel. When the 
solenoid 24 is deenergized, springs 26 and 28 return the 
poppet valve 20 and the intensifier piston 1 8 back to the 
original positions. 

[0004] Spring return fuel injectors are relatively slow 
because of the slow response time of the poppet valve 
return spring. Additionally, the spring rate of the spring 
generates an additional force which must be overcome 
by the solenoid. Consequently the solenoid must be pro- 
vided with enough current to overcome the spring force 
and the inertia of the valve. Higher currents generate 
additional heat and degrade the life and performance of 
the solenoid. Furthermore, the spring rate of the springs 
may change because of creep and fatigue. The change 
in spring rate will create varying results over the life of 
the injector. 

[0005] Conventional fuel injectors typically incorpo- 
rate a mechanical feature which determines the shape 
of the fuel curve. Mechanical rate shapers are relatively 
inaccurate and are susceptible to wear and fatigue. Ad- 
ditionally, fuel leakage into the spring chambers of the 
nozzle and the intensifier may create a hydrostatic pres- 
sure that will degrade the performance of the valve. 
[0006] English patent No. GB-A-1 465 283 discloses 
a fuel injector with bias currents applied to its opening 



and closing coils. The bias currents cause magnetic flux 
across an open and across a close air gap. When the 
valve is opened the open air gap is smaller than the 
close air gap so that the valve is maintained in the open 
position. Likewise, when the valve is closed the close 
air gap is smaller than the open air gap so that the valve 
is maintained in the closed position. It would be desira- 
ble to provide an injector valve that requires no biasing 
current to maintain the injector valve in position. 
[0007] European Patent Application EP-A-0 184 940 
discloses an electromagnetic device that includes two 
coils which selectively attract and repel a moving body. 
In order to allow a quick switching of the moving body 
between being attracted by one coil and the other, the 
current through the coil which is not holding the moving 
body in its magnetic field can be made to be a level high- 
er than the current to the coil which is holding the body 
in its magnetic field. By reducing the current to the coil 
that is holding the body, the body can, be rapidly 
switched to be within the magnetic field of the other coil. 
It would be desirable to provide the advantages of quick 
switching of the moving body without requiring a contin- 
uous current in either of the two coils. 
[0008] The graph of Figure 3 shows an ideal fuel in- 
jection rate for a fuel injector. To improve the efficiency 
of the engine., it is desirable to pre-inject fuel into the 
combustion chamber before the main discharge of fuel. 
As shown in phantom, the fuel curve should ideally be 
square so that the combustion chamber receives an op- 
timal amount of fuel. Actual fuel injection curves have 
been found to be less than ideal, thereby contributing to 
the inefficiency of the engine. It is desirable to provide 
a high speed fuel injector that will supply a more opti- 
mum fuel curve than fuel injectors in the prior art. 
[0009] As shown in Figures 1 and 2, the poppet valve 
constantly strikes the valve seat during the fuel injection 
cycles of the injector. Eventually the seat and the poppet 
valve will wear, so that the valve is not properly seated 
within the valve chamber. Improper valve seating may 
result in an early release of the working fluid into the 
intensifier chamber, causing the injector to prematurely 
inject fuel into the combustion chamber. It would be de- 
sirable to provide an injector valve that did not create 
wear between the working fluid control valve and the as- 
sociated valve seat of the injector. 
[0010] The solenoid 24 of the fuel injector of Figures 
1 and 2 is a direct pull solenoid operating in opposition 
to spring 26. This is an advantage over still earlier prior 
art fuel injectors which were cam operated in that the 
solenoid operated injectors of Figures 1 and 2 may be 
electronically controlled in timing and duration, unlike 
the cam operated injectors wherein at least the initiation 
of injection was typically at a fixed angle of rotation of 
the crankshaft independent of engine speed or load. 
The solenoid operated injectors of Figure 1 and 2 have 
the disadvantage however, of not being as fast as they 
could be, and of consuming more powerthan necessary. 
In particular, since the solenoids operate in opposition 
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to spring 26, the net force controlling the speed of open- 
ing of the poppet valve 20 is not the solenoid force, but 
rather the difference between the solenoid force and 
spring force 26, whereas the net force closing the valve 
is simply the spring force 26, which can only be a fraction 5 
of the solenoid opening force for the valve to operate. 
Accordingly, the full pulling potential of the solenoid is 
not realized on either opening or closing of the poppet 
valve. Also, the solenoid must remain energized for as 
long as the solenoid is actuated, and thus must be of a 10 
size and of a heat dissipation capability commensurate 
with a "full throttle" fuel injection rate. Further, the sole- 
noid pulling force must be adequate to properly operate 
the valve at the lower extreme of the power supply and 
upper extremes of solenoid coil resistance, the force of is 
spring 26, etc., while at the same time not overheating 
at full throttle, upper power supply voltage and low so- 
lenoid coil resistance extremes. It is the improvement of 
performance in this area, among other things, to which 
the present invention is directed. 20 

BRIEF SUMMARY OF THE INVENTION 

[001 1 ] According to the present invention there is pro- 
vided a fuel injection system comprising: 25 

a fuel injector; 

an injector valve member for coupling to a source 
of fluid under pressure, the injector valve member 
being coupled to the fuel injector; 30 
a first solenoid coil for magnetically moving the 
valve member to a first position for stopping fuel in- 
jection by the fuel injector responsive to an actuat- 
ing current in the first solenoid coil; 
a second solenoid coil for moving the valve member 35 
to a second position for causing fuel injection by the 
fuel injector responsive to the actuating current in 
the second solenoid coil; 

an electronic control system coupled to the first so- 
lenoid coil and the second solenoid coil, the control 40 
system providing the actuating current to one of the 
solenoid coils and terminating actuating current to 
the other solenoid coil to move the valve member 
to one of the first and second positions, the control 
system characterized by a sensing circuit coupled 45 
to the other solenoid coil to sense a back EMF in 
the other solenoid coil resulting from the movement 
of the valve member, and to terminate the actuating 
current to the one of the solenoid coils upon arrival 
of the valve member at the one of the 50 
first and second positions, or a short time thereafter 
after any bounce has decayed. 

BRIEF DESCRIPTION OF THE DRAWINGS 

55 

[001 2] The objects and advantages of the present in- 
vention will become more readily apparent to those or- 
dinarily skilled in the art after reviewing the following de- 



tailed description and accompanying drawings, where- 
in: 

Figure 1 is a cross-sectional view of a fuel injector 
of the prior art; 

Figure 2 is a cross-sectional view similar to Figure 
1 , showing the fuel injector injecting fuel; 

Figure 3 is a graph showing the ideal and actual fuel 
injection curves for a fuel injector; 

Figure 4 is a cross-sectional view of a fuel injector 
with a four-way control valve that has a spool valve 
in a first position; 

Figure 5 is a cross-sectional view of the fuel injector 
with the spool valve in a second position; 

Figure 6 is an alternate embodiment of the fuel in- 
jector of Figure 4; 

Figure 7 is a cross-sectional view of an alternate 
embodiment of a fuel injector which has a three-way 
control valve: 

Figure 8 is a circuit diagram for a basic valve con- 
troller in accordance with the present invention. 

Figure 9 illustrates the connection of the circuit of 
Figure 8 to the coiis 202 and 200 of the two sole- 
noids 138 and 1 40 of Figure 4. 

Figure 10 illustrates a typical control signal wave- 
form. 

Figure 11 illustrates a typical current pulse in a so- 
lenoid coil of the present invention as driven by the 
circuit of Figure 8. 

Figure 12 (12A-12C) is a circuit diagram for another 
controller circuit of the present invention. 

Figure 13 illustrates the connection of the circuit of 
Figure 1 2 to the coils 202 and 200 of the two sole- 
noids 138 and 140 of Figure 4. 

Figure 14 (14A-14C) is a circuit diagram for a still 
further control circuit in accordance with the present 
invention. 

Figure 15 is a copy of a strip chart showing the cur- 
rent waveform in an actuated solenoid and the back 
EMF measured on the coil of the solenoid which had 
previously been latched in accordance with the 
present invention. 

Figure 1 6 is a copy of a strip chart showing the cur- 
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rent waveform in an actuated solenoid and the back 
EM F measured on the coil of the solenoid which had 
previously been latched in accordance with the 
present invention for an embodiment wherein the 
current pulse is terminated upon arrival of the spool 
valve at the actuated position. 

Figure 17 is a block diagram of one embodiment of 
fuel injection system in accordance with the present 
invention. 

Figure 1 8 is a block diagram of an alternate embod- 
iment of fuel injection system in accordance with the 
present invention. 

Figure 19 is a block diagram of a circuit connected 
to the battery supply line for the injection system so 
that when the battery voltage as supplied to the in- 
jection system falls below some predetermined lim- 
it, the circuit will enable the operation of a step-up 
switching regulator which in turn provides a stepped 
up and regulated output voltage VOUT to a valve 
supply switching circuit. 

Figure 20 is a circuit diagram for the block diagram 
of Figure 19. 

Figures 21 and 22 are block diagrams of further ex- 
emplary controller systems also utilizing fuel pres- 
sure, ambient air pressure and temperature and cyl- 
inder pressures and temperatures as controller in- 
puts, 

Figure 23 is an exemplary graph illustrating repre- 
sentative operating points over the engine operat- 
ing range of load and RPM for which optimum in- 
jector operating parameters may be determined 
from which the controller may interpolate operating 
parameters between test points as required during 
normal engine operation 

Figure 24 is a further embodiment of fuel injection 
system controller of the present invention. 

DETAILED DESCRIPTION OF THE INVENTION 

[001 3] Referring to the drawings more particularly by 
reference numbers, Figures 4 and 5 show a fuel injector 
50 of the present invention. The fuel injector 50 is typi- 
cally mounted to an engine block and injects a controlled 
pressurized volume of fuel into a combustion chamber 
(not shown). The injector 50 of the present invention is 
typically used to inject diesel fuel into a compression ig- 
nition engine, although it is to be understood that the 
injector could also be used in a spark ignition engine or 
any other system that requires the injection of a fluid. 
[0014] The fuel injector 1 0 has an injector housing 52 
that is typically constructed from a plurality of individual 



parts. The housing 52 includes an outer casing 54 that 
contains block members 56, 58, and 60. The outer cas- 
ing 54 has a fuel port 64 that is coupled to a fuel pressure 
chamber 66 by a fuel passage 68. A first check valve 70 

5 is located within fuel passage 68 to prevent a reverse 
flow of fuel from the pressure chamber 66 to the fuel port 
64. The pressure chamber 66 is coupled to a nozzle 72 
through fuel passage 74. A second check valve 76 is 
located within the fuel passage 74 to prevent a reverse 

10 flow of fuel from the nozzle 72 to the pressure chamber 
66. 

[0015] The flow of fuel through the nozzle 72 is con- 
trolled by a needle valve 78 that is biased into a closed 
position by spring 80 located within a spring chamber 
'5 81 . The needle valve 78 has a shoulder 82 above the 
location where the passage 74 enters the nozzle 78. 
When fuel flows into the passage 74 the pressure of the 
fuel applies a force on the shoulder 82. The shoulder 
force lifts the needle valve 78 away from the nozzle 
openings 72 and allows fuel to be discharged from the 
injector 50. 

[0016] A passage 83 may be provided between the 
spring chamber 81 and the fuel passage 68 to drain any 
fuel that leaks into the chamber 81 . The drain passage 
83 prevents the build up of a hydrostatic pressure within 
the chamber 81 which could create a counteractive 
force on the needle valve 78 and degrade the perform- 
ance of the injector 1 0. 

[001 7] The volume of the pressure chamber 66 is var- 
ied by an intensifier piston 84. The intensifier piston 84 
extends through a bore 86 of block 60 and into a first 
intensifier chamber 88 located within an upper valve 
block 90. The piston 84 includes a shaft member 92 
which has a shoulder 94 that is attached to a head mem- 
ber 96. The shoulder 94 is retained in position by clamp 
98 that fits within a corresponding groove 100 in the 
head member 96. The head member 96 has a cavity 
which defines a second intensifier chamber 102. 
[001 8] The first intensifier chamber 88 is in fluid com- 
munication with a first intensifier passage 104 that ex- 
tends through block 90. Likewise, the second intensifier 
chamber 102 is in fluid communication with a second 
intensifier passage 106. 

[0019] The block 90 also has a supply working pas- 
sage 108 that is in fluid communication with a supply 
working port 110. The supply port is typically coupled to 
a system that supplies a working fluid which is used to 
control the movement of the intensifier piston 84. The 
working fluid is typically a hydraulic fluid that circulates 
in a closed system separate from the fuel. Alternatively 
the fuel could also be used as the working fluid. Both 
the outer body 54 and block 90 have a number of outer 
grooves 112 which typically retain O-rings (not shown) 
that seal the injector 10 against the engine block. Addi- 
tionally, block 62 and outer shell 54 may be sealed to 
block 90 by O-ring 1 1 4. 

[0020] Block 60 has a passage 1 1 6 that is in fluid com- 
munication with the fuel port 64. The passage 1 1 6 allows 
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any fuel that leaks from the pressure chamber 66 be- 
tween the block 62 and piston 84 to be drained back into 
the fuel port 64. The passage 116 prevents fuel from 
leaking into the first intensifier chamber 88. 
[0021] The flow of working fluid into the intensifier 
chambers 88 and 102 can be controlled by a four-way 
solenoid control valve 1 1 8. The control valve 1 1 8 has a 
spool 120 that moves within a valve housing 122. The 
valve housing 122 has openings connected to the pas- 
sages 1 04, 1 06 and 1 08 and a drain port 1 24. The spool 
1 20 has an inner chamber 1 26 and a pair of spool ports 
that can be coupled to the drain ports 124. The spool 
1 20 also has an outer groove 1 32. The ends of the spool 
120 have openings 134 which provide fluid communica- 
tion between the inner chamber 126 and the valve 
chamber 134 of the housing 122. The openings 134 
maintain the hydrostatic balance of the spool 120. 
[0022] The valve spool 1 20 is moved between the first 
position shown in Figure 4 and a second position shown 
in Figure 5, by a first solenoid 1 38 and a second solenoid 
140. The solenoids 138 and 140 are typically coupled 
to a controller which controls the operation of the injec- 
tor. When the first solenoid 138 is energized, the spool 
1 20 is pulled to the first position, wherein the first groove 
1 32 allows the working fluid to flow from the supply work- 
ing passage 1 08 into the first intensifier chamber 88, and 
the fluid flows from the second intensifier chamber 1 02 
into the inner chamber 126 and out the drain port 124. 
When the second solenoid 140 is energized the spool 
120 is pulled to the second position, wherein the first 
groove 132 provides fluid communication between the 
supply working passage 108 and the second intensifier 
chamber 102, and between the first intensifier chamber 
88 and the drain port 124. 

[0023] The groove 1 32 and passages 1 28 are prefer- 
ably constructed so that the initial port is closed before 
the final port is opened. For example, when the spool 
1 20 moves from the first position to the second position, 
the portion of the spool adjacent to the groove 132 ini- 
tially blocks the first passage 1 04 before the passage 
1 28 provides fluid communication between the first pas- 
sage 1 04 and the drain port 1 24. Delaying the exposure 
of the ports, reduces the pressure surges in the system 
and provides an injector which has more predictable fir- 
ing points on the fuel injection curve. 
[0024] The spool 1 20 typically engages a pair of bear- 
ing surfaces 142 in the valve housing 122. Both the 
spool 120 and the housing 122 are preferably construct- 
ed from a magnetic material such as a hardened 52100 
or 440c steel, so that the hysteresis of the material will 
maintain the spool 120 in either the first or second po- 
sition. The hysteresis allows the solenoids to be de-en- 
ergized after the spool 120 is pulled into position. In this 
respect the control valve operates in a digital manner, 
wherein the spool 120 is moved by a defined pulse that 
is provided to the appropriate solenoid. Operating the 
valve in a digital manner reduces the heat generated by 
the coils and increases the reliability and life of the in- 



jector. 

[0025] In operation, the first solenoid 1 38 is energized 
and pulls the spool 120 to the first position, so that the 
working fluid flows from the supply port 1 1 0 into the first 
5 intensifier chamber 88 and from the second intensifier 
chamber 1 02 into the drain port 1 24. The flow of working 
fluid into the intensifier chamber 88 moves the piston 84 
and increases the volume of chamber 66. The increase 
in the chamber 66 volume decreases the chamber pres- 
sure and draws fuel into the chamber 66 from the fuel 
port 64. Power to the first solenoid 138 is terminated 
when the spool 120 reaches the first position. 
[0026] When the chamber 66 is filled with fuel, the 
second solenoid 140 is energized to pull the spool 120 
into the second position. Power to the second solenoid 
140 is terminated when the spool reaches the second 
position. The movement of the spool 1 20 allows working 
fluid to flow into the second intensifier chamber 1 02 from 
the supply port 1 1 0 and from the first intensifier chamber 
88 into the drain port 124. 

[0027] The head 96 of the intensifier piston 96 has an 
area much larger than the end of the piston 84, so that 
the pressure of the working fluid generates a force that 
pushes the intensifier piston 84 and reduces the volume 
of the pressure chamber 66. The stroking cycle of the 
intensifier piston 84 increases the pressure of the fuel 
within the pressure chamber 66. The pressurized fuel is 
discharged from the injector through the nozzle 72. The 
fuel is typically introduced to the injector at a pressure 
between 1000-2000 psi. In the preferred embodiment, 
the piston has a head to end ratio of approximately 1 0: 
1 , wherein the pressure of the fuel discharged by the 
injector is between 10,000-20,000 psi. 
[0028] After the fuel is discharged from the injector the 
first solenoid 138 is again energized to pull the spool 
120 to the first position and the cycle is repeated. It has 
been found that the double solenoid spool vafve of the 
present invention provide a fuel injector which can more 
precisely discharge fuel into the combustion chamber of 
the engine than injectors of the prior art. The increase 
in accuracy provides a fuel injector that more closely ap- 
proximates the square fuel curve shown in the graph of 
Figure 3. The high speed solenoid control valves can 
also accurately supply the pre-discharge of fuel shown 
in the graph. 

[0029] Figure 6 shows an alternate embodiment of a 
fuel injector of the present invention which does not 
have a return spring for the needle vafve. In this embod- 
iment the supply working passage 1 08 is coupled to a 
nozzle return chamber 1 50 by passage 1 52. The needle 
valve 78 is biased into the closed position by the pres- 
sure of the working fluid in the return chamber 150. 
When the intensifier piston 84 is stroked, the pressure 
of the fuel is much greater than the pressure of the work- 
ing fluid, so that the fuel pressure pushes the needle 
valve 78 away from the nozzle openings 72. When the 
intensifier piston 84 returns to the original position, the 
pressure of the working fluid within the return chamber 
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150 moves the needle valve 78 and closes the nozzle 
72. 

[0030] Figure 7 shows an injector 160 controlled by a 
three-way control valve 162. In this embodiment, the 
first passage 108 is connected to a drain port 164 in 
block 90. and the intensif ier piston 84 has a return spring 
166 which biases the piston 84 away from the needle 
valve 78. Movement of the spool 168 provides fluid com- 
munication between the second passage 1 06 and either 
the supply port 110 or the drain port 124. 
[0031] When the spool 168 is in the second position, 
the second passage 106 is in fluid communication with 
the supply passage 1 08, wherein the pressure within the 
second intensifier chamber 1 02 pushes the intensif ier 
piston 84 and pressurized fuel is ejected from the injec- 
tor 160. The fluid within the first intensifier chamber 88 
flows througn the drain port 164 and the spring 166 is 
deflected to a compressed state. When the spool 1 68 is 
pulled by the first solenoid 1 38 back to the first position, 
the second passage 106 is in fluid communication with 
the drain port 124 and the second intensifier chamber 
102 no longer receives pressurized working fluid from 
the supply port 1 1 0. The force of the spring 1 66 moves 
the intensifier piston 84 back to the original position. The 
fluid within the second intensifier chamber 102 flows 
through the drain port 124. 

[0032] Both the three-way and four-way control 
valves have inner chambers 126 that are in fluid com- 
munication with the valve chamber 132 through spool 
openings 134, and the drain ports 124 through ports 
1 30. The ports inner chamber and openings insure that 
any fluid pressure within the valve chamber is applied 
equally to both ends of the spool. The equal fluid pres- 
sure balances the spool so that the solenoids do not 
have to overcome the fluid pressure within the valve 
chamber when moving between positions. Hydrostatic 
pressure will counteract the pull of the solenoids, there- 
by requiring more current for the solenoids to switch the 
valve. The solenoids of the present control valve thus 
have lower power requirements and generate less heat 
than injectors of the prior art, which must supply addi- 
tional power to overcome any hydrostatic pressure with- 
in the valve. The balanced spool also provides a control 
valve that has a faster response time, thereby increas- 
ing the duration interval of the maximum amount of fuel 
emitted by the injector. Increasing the maximum fuel du- 
ration time provides a fuel injection curve that is more 
square and more approximates an ideal curve. 
[0033] As shown in Figure 4, the ends of the spool 
120 may have concave surfaces 170 that extend from 
an outer rim to openings 134 in the spool 120. The con- 
cave surfaces 1 70 function as a reservoir that collects 
any working fluid that teaks into the gaps between the 
valve housing 122 and the end of the spool. The con- 
cave surfaces significantly reduce any hydrostatic pres- 
sure that may build up at the ends of the spool 1 20. The 
annular rim at the ends of the spool 120 should have an 
area sufficient to provide enough hysteresis between 



the spool and housing to maintain the spool in position 
after the solenoid has been de-energized. 
[0034] Now referring to Figure 8, a basic valve con- 
troller in accordance with the present invention may be 

5 seen. This controller circuit is relatively smalL and as 
shall subsequently be seen, results in lower system 
power consumption, and accordingly can be mounted 
directly on the injector assembly itself. The circuit is in- 
tended to be used with solenoids of the hereinbefore de- 

10 scribed fuel injector by connection to the coils 202 and 
200 of the two solenoids 1 38 and 1 40. As shown in Fig- 
ure 9, coil 200 has its leads connected to connections 
P1 and P2 of Figure 8 and coil 202 has its leads con- 
nected to connections P3 and P4 of Figure 8. In addition, 

15 the circuit of Figure 8 is connected to a power source 
and source of control signal through a connector J1 , with 
connection J1-1 being connected to the vehicle or en- 
gine battery, typically 1 2 or 24 volts in the case of large 
diesel engines. Connection J 1-2 is connected to the bat- 

20 tery ground, and connection J1 -3 is connected to a con- 
trol source for providing a control signal to the driver cir- 
cuit. 

[0035] The battery voltage on line 204 is provided to 
a five-volt regulator 206 which provides a five-volt sup- 
25 pfy voltage for various devices in the circuit. Capacitor 
C1 is a smoothing capacitor for the five-volt output, with 
resistor R2 providing a trickle load on the regulator to 
prevent the five-volt output from drifting upward in the 
relative absence of other loads. The voltage on line 204 
30 \s also provided through diode D1 to solenoid coil con- 
nection P1 and through diode D2 to solenoid coil con- 
nection P3. Capacitor C2, a relatively large capacitor, 
provides a smoothing effect on the battery voltage on 
line 204, thereby providing some protection against 
35 transients when the solenoid coils are switched in and 
out of circuit. Capacitor C5 and C6 provide a similar 
smoothing when the respective solenoid coil is switched 
in circuit. 

[0036] The remainder of the circuit of Figure 8 is per- 
40 haps best described by following the signal flow for a 
typical control signal applied to the control line J1-3. 
When the injector is in the quiescent state, the voltage 
on the control line 208 will be at the low state, either held 
low by the microcomputer or other digital circuit driving 
45 the same, or pulled low by the pull-down resistor R4. 
This holds the Q output of the monostable multivibrator 
210 low, which in turn holds the output of the voltage 
translator 212 low, holding n-channel power device Q1 
off. At the same time, the Q output of a similar monos- 
50 table multivibrator 21 4 will also be low, having previously 
returned to the low state of its prior monostable cycle. 
This holds the input to the translation device 216 low, 
the output of which holds the gate of power n-channel 
device Q2 low, holding the device off. Thus, in this state, 
55 both power devices Q1 and Q2 are off, so that one lead 
of each solenoid coil is one diode voltage drop below 
the battery voltage on line 204, with the opposite coil 
connection of each coil essentially floating and thus be- 
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ing at the same voltage as the first connection, 
[0037] A typical signal format on line 208 is shown in 
Figure 10. On the positive going side of the pulse, the 
monostable multivibrator 210 is triggered, driving the Q 
output high which in turns drives the output of the volt- 
age translator 21 2 high, turning on the power n-channel 
device Q1 . This essentially grounds connection P2, so 
that now the full battery voltage is connected across so- 
lenoid coil 200 (less one diode voltage drop of diode D1 
and the on voltage drop across power device Q1 ) pulling 
the spool towards solenoid 140 (see Figure 4) to pres- 
surize the intensifier chamber 1 02 and initiate fuel injec- 
tion. At the same time, the RC combination of resistor 
R1 and capacitor C3 determines the length of time the 
monostable multivibrator 210 remains in the triggered 
state until returning to the quiescent state with the Q out- 
put thereof low, thereby turning n-channel power device 
Q1 off again to terminate current flow in coil 200. In gen- 
eral, the pulse of the monostable multivibrator 210 is 
chosen to be equal to the actuating time, that is the tran- 
sit time for the spool from one stable position to the op- 
posite stable position, plus a time increment as a margin 
of safety to accommodate adverse extremes in battery 
voltage, solenoid coil resistance, temperature, etc., and 
further to accommodate bounce of the spool when it 
reaches its new position. At the end of the period of the 
monostable multivibrator 210 operation, the power n- 
channel device Q1 is turned off, terminating the tempo- 
rary connection of solenoid lead P2 to ground. The re- 
sulting back EMF of the solenoid coil forward biases 
zener diode Z1 , with the current in the coil rapidly dimin- 
ishing to zero as the result of the energy dissipation in 
the voltage drop of the diode and the resistance of the 
coil. 

[0038] Thus, the resulting current pulse in solenoid 
coil 200 will be approximately as shown in Figure 11. 
The current pulse lasts just long enough to assure that 
the spool travels to the opposite extreme of its travel and 
latches at that position to initiate injection, plus of course 
some time margin of comfort, after which the pulse is 
terminated. Similarly, at the end of the control pulse of 
Figure 1 0, the monostable multivibrator 21 4 is triggered, 
pulsing power n-channel device Q2 on through voltage 
translator 216, thereby returning the spool to its initial 
position to terminate the injection of the fuel injector. As 
before, the monostable multivibrator 214 will itself time 
out after a safe operating time for the spool as deter- 
mined by resistor R3 and capacitor C4, thereby turning 
off power n-channel device Q2, with the resulting current 
pulse in coil 202 decaying rapidly through the forward 
biased zener Z2 during the decay period due to the back 
EMF of coil 202. 

[0039] From the foregoing description , it may be seen 
that a simple pulse control signal having a time period 
equal to the desired injection time period may be pro- 
vided to the circuit of Figure 8, with the simple control 
waveform being converted to a first latching current 
pulse to initiate injection at the beginning of the injection 



control signal and a second current pulse to assure 
latching to terminate injection at the end of the injection 
control pulse. This is to be compared with prior art so- 
lenoid actuated injectors wherein power must be applied 

5 to the injector solenoid throughout the duration of the 
injection control pulse. Because of this continuous ap- 
plication of power during injection, the prior art required 
solenoid operated valves of a size and power dissipation 
capability adequate to absorb the full solenoid actuating 

io current for the longest injection time (or injection duty 
cycle) required of the injector. The net result is that the 
solenoid valve of the prior art is generally required to be 
much larger than with the present invention, which in 
turn tends to slow the valve operation, resulting in a slow 

15 injection rise time and, what is particularly bad, a slow 
injection termination. In that regard, note that full travel 
of the spool of the valve of the present invention injectors 
will be achieved at approximately 218 (Figure 11) while 
the current in the respective solenoid is still rising, 

20 though power to the solenoid coil is itself terminated 
shortly thereafter again while the current is still rising. 
If, on the other hand, the current was not terminated be- 
fore the end of the pulse of Figure 1 0, the current would 
continue to rise, even in the present invention, to con- 

25 siderably higher levels, resulting in a much higher cur- 
rent for a much longer period, increasing the power dis- 
sipation to excessive levels, perhaps on the order of one 
to two orders of magnitude. To avoid this problem, either 
expensive, relatively large and power consuming cur- 

30 rent limiting circuitry would be required, or alternatively 
the drive on the solenoid would need to be reduced so 
that the average power consumption was tolerable, 
thereby very substantially reducing the speed of opera- 
tion of the solenoid valve and thus of the injector. Ac- 

35 cordingly, the valve controller circuit of Figure 8 is a high- 
ly efficient circuit for controlling valves such as fuel in- 
jection valves, allowing high drive, very fast solenoid op- 
erating current pulses while maintaining a low total pow- 
er consumption, allowing the use of small solenoids and 

^0 avoiding substantial temperature rise thereof above the 
already quite warm environment of an operating engine. 
[0040] Now referring to Figure 12, another controller 
circuit illustrating another aspect of the present inven- 
tion may be seen. Like the circuit of Figure 8 : this circuit 

45 operates from a low impedance battery power supply 
with the battery voltage applied between connector pins 
J1 -1 and J1 -2 of connector J1 , and operates from a con- 
trol signal on connector pin J1-3 of connector J1, the 
control signal being in the same form as illustrated in 

50 Figure 1 0 with respect to the circuit of Figure 8. The so- 
lenoid coil connections, however, are slightly different 
from those shown in Figure 9, namely the two solenoid 
coils 200' and 202' are connected in series as shown in 
Figure 1 3, with the common connection J2-3 being cou- 

55 pled to the battery supply voltage on line 204. 

[0041 ] In the circuit Figure 8, as previously described, 
power is applied to one of the two solenoids for a period 
of time adequate to assure that the spool has been at- 
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tracted to the respective solenoid so that when the cur- 
rent pulse is removed, the retentivity of the spool and 
the stationary parts of the respective solenoid will pro- 
vide a sufficient residual field strength to latch the spool 
at that position. Thus, when the solenoid coil for the op- 5 
posite solenoid is energized, the spool will remain 
latched in the previously energized position until the 
force of the newly energized solenoid overcomes the 
force of the residual magnetism of the latched solenoid, 
at which time spool motion will commence. As soon as 
any gap is created between the spool and the end of the 
solenoid from which it is moving away, the residual field 
due to the retentivity will essentially collapse, allowing 
the spool to be rapidly accelerated by the now already 
substantial force of the solenoid being actuated. The net 
result is that not only is the power consumption low for 
the system of Figure 8, but also valve operation is very 
fast. However, the exact timing of the beginning of spool 
motion, the force of the actuated solenoid at the time 
motion begins, etc., will vary somewhat dependent upon 
the amount of retentivity in the spool and the stationary 
magnetic parts of the solenoid, whether there was any 
bounce after the prior actuating current pulse dimin- 
ished, just how well the parts mate, etc. Consequently, 
there can be some small spool valve and thus Injector 
timing variation unit to unit and for a given unit, particu- 
larly over the operating temperature range of the unit 
and the operating fluid of the unit (fuel or hydraulic fluid). 
The embodiment of Figure 12, on the other hand pro- 
vides both a more controlled release of the latched so- 
lenoid shortly after excitation of the opposite solenoid, 
achieving both more precise time of initiation of spool 
motion and a faster rising unbalanced magnetic force to 
decrease the transit time of the spool in the spool valve 
to increase the speed of injector valve operation. This 
is achieved by a sort of snap action, wherein a current, 
typically limited in magnitude, is provided to the coil of 
the latched solenoid, typically simultaneously with the 
application of the actuating current pulse to the coil of 
the other solenoid. This purposely and controllably 
holds the latched solenoid until the field strength in the 
other solenoid rises to a relatively high level, when the 
current in the latched solenoid is then terminated. Now 
the initiation of motion is more precise in time (crank 
shaft angle, etc.) and the acceleration of the spool to the 
opposite latched position is greater, providing faster in- 
jector operation, 

[0042] The specific circuit shown in Figure 12 pro- 
vides the foregoing described snap action only in one 
direction of operation of the spool valve, specifically the 
turning off of the injector valve in a typical fuel injection 
system, such as direct combustion chamber injection in 
a diesel engine, as a sharp cutoff is particularly advisa- 
ble to minimize the amount of unburned or partially 
burned fuel in the engine exhaust. 
[0043] Referring specifically to Figure 12.. as before, 
a five volt regulator 206 is connected to the battery volt- 
age on line 204 to provide a five volt output for operation 



of various other circuits of the Figure. Capacitors C8, 
C12 and C13 provide noise suppression on the five volt 
line. The specific circuit shown is a clocked circuit 
(though a corresponding free-running circuit may also 
be used). Thus, an oscillator 300 provides a clock signal 
to counter-divider 302 which in turn provides a clock sig- 
nal to counter-divider 304, with an appropriate clock sig- 
nal on line 306 being taken from an output of either coun- 
ter-divider as may be suitable for the specific applica- 
tion. In general, the clock signal on line 306 should be 
sufficiently high so that the time period of one clock cycle 
is of no particular significance to the overall timing re- 
quirements of the system. 

[0044] As before, when the signal on line 208 goes 
high (see Figure 10), monostable multivibrator 308 is 
triggered so that its Q output on line 310 forming the 
data input to D flip-flop 312 goes high. Thus, on the next 
clock cycle, the Q output of the D flip-flop 312 on line 
314 triggers a voltage translator 31 6 to turn on power n- 
channel devices Q2 and Q3, which devices are connect- 
ed in parallel and have their sources connected to 
ground through a parallel combination of low valued re- 
sistors R11 through R15. This pulls the voltage on con- 
nector terminal J2-1 low., applying power to solenoid coil 
200' (Figure 13) to pull the valve spool to solenoid 140 
and latch the same at that position. 
[0045] As with the circuit in Figure 8, the monostable 
multivibrator 308 will time out after a time period deter- 
mined by the combination of capacitor C7, fixed resistor 
R29 and variable resistor R25, which time out could be 
used as before to drive the Q output on line 310 low to 
turn off the power n-channel devices Q2 and Q3 to ter- 
minate the current pulse. Instead, however, in this em- 
bodiment, the voltage across the parallel combination 
of resistors R11 through R1 5 is coupled through resistor 
R16to the positive input of comparator 31 8 , the negative 
input of which is detemn ined by the setting of variable 
resistor R18. Resistor R16 and capacitor C3 provide 
high frequency noise suppression to the positive input 
of the comparator 318, with resistor R17 and capacitor 
C4 providing similar high frequency noise suppression 
to the negative input of the comparator. The specific 
comparator used (LM339) has a grounded emitter, float- 
ing collector NPN transistor output, with resistor R19 
pulling the output of the comparator high whenever the 
positive input to the comparator exceeds the negative 
input. Thus, as the current in solenoid coil 200' rises 
(much like the current in coil 200 is shown to rise in Fig- 
ure 11). The voltage across the parallel combination in 
resistors R11 through R15 rises, triggering the compa- 
rator at a level determined by the setting of variable re- 
sistance R18 so as to allow the pull-up resister R19 to 
pull the voltage on line 320 high to reset the D flip-flop 
312, driving the Q output thereof on line 314 low and 
thus the output of voltage translator 31 6 low to turn off 
devices Q2 and Q3 based not on a time-out, but rather 
upon the reaching of a predetermined desired current. 
[0046] The termination of the actuation pulse based 
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on reaching a predetermined desired solenoid actuation 
current as opposed to merely a predetermined time-out 
of the current pulse has substantial further advantages 
in terms of power consumption, particularly as it relates 
to the size of the solenoid coils and the amplitude of the 
current pulse which may be used without substantially 
heating the coils, and particularly without overheating 
the coils. In particular, the field strength pulling the spool 
away from the other solenoid against the force of the 
residual magnetism thereof is proportional to the current 
in the solenoid coil being actuated. The force, on the 
other hand, is proportional to the square of the current. 
Accordingly, while the battery voltage on line 204 may 
vary dependent upon the state of charge of the battery 
and other loads thereon, even momentary loads, and 
the resistance of the solenoid coils unit to unit and with 
temperature may vary quite significantly, the peak cur- 
rent attained is an excellent guarantee that the spool 
has pulled away from the opposite solenoid and com- 
pleted its travel to the solenoid being powered. Thus, if 
the battery voltage is low by ten percent, and the sole- 
noid resistance is high by ten percent, the rise time on 
the current pulse generally in the form shown in Figure 
1 1 will be slower, so that the current pulse will be longer 
in time before the predetermined desired current ampli- 
tude is reached and the current pulse is terminated. 
Thus, the circuit automatically adjusts for the more wide- 
ly varying parameters to limit the current pulse ampli- 
tude only to that required to assure fast and reliable op- 
eration of the spool valve of the injector. 
[0047] In comparison, without the current shut-off 
based on amplitude of the pulse, the current pulse width 
to actuate and latch a solenoid would have to be at least 
as long as required under the worst of conditions. Then 
in the case of a high battery voltage and low coil resist- 
ance, the current pulse may climb well above the pre- 
determined necessary limit before terminating. Since 
the instantaneous power dissipation in the solenoid coil 
is proportional to the square of the current, considerable 
excess power will be dissipated in the solenoid coil un- 
der these conditions, providing substantial unnecessary 
heating of the solenoid coil. In that regard, the difference 
in spool valve heating between the controller of Figure 
8 and the controller of Figure 12 when simulating fuel 
injection in an operating engine is substantial, the heat- 
ing of the spool valve above ambient temperature being 
significant when operating underthe controller of Figure 
8 and insubstantial when operated with the controller of 
Figure 12, even when driven hard for high speed oper- 
ation thereof. 

[0048] For the actuation of the opposite solenoid for 
return of the spool valve to the original position using 
the controller of Figure 12, the circuit comprising devices 
308\ 31 2\ 31 6\ Q1 , Q7 and 31 8* operate in the same 
manner as the corresponding unprimed numbered com- 
ponents hereinbefore described, the monostable multi- 
vibrator 308' being triggered on the negative going side 
of the control signal on line 208 (see Figure 10 for the 



control signal waveform). However the release of the 
spool from its latched position is delayed until the field 
in the solenoid being actuated builds to a substantial lev- 
el, at which time it is then released, thereby providing a 

5 sort of snap action for increased operating speed. In par- 
ticular, in this circuit, when the monostable multivibrator 
308' is triggered, the monostable multivibrator 322 is al- 
so triggered, driving the Q output on line 324 low, there- 
by turning off transistor Q6 through resistor R23. Since 

10 prior to the triggering of the monostable multivibrator 
322, the Q output thereof on line 324 was high, thereby 
holding transistor Q6 on through resistor R23, the gate 
of the power n-channel device Q4 had been held low, 
thereby holding the device off. Similarly, the power n- 

*5 channel devices Q2 and Q3 were also off, the actuating 
current pulse for coil 200' being terminated before this 
time. Consequently, when the monostable multivibrator 
322 is triggered together with the monostable multivi- 
brator 308\ the voltage on line 324 going low turns off 

20 transistor Q6. Since at this instant the current through 
power n-channel device Q4 was zero, the base voltage 
on transistor Q5 is also zero, holding the same off. Con- 
sequently, pull-up resistor R32 is free to pull the gate of 
power n-channel device Q4 high, turning the same on. 

25 [0049] In general, the value of fixed resistors R1 0 and 
R21 as well as variable resistor R22 are substantially 
higher than the corresponding parallel combination of 
resistors R1 through R5. Thus, although the current 
pulse in coil 202' is rapidly rising, a corresponding cur- 

30 rent pulse in coil 200' is rising at a lower rate. However, 
because the magnetic gap in the solenoid powered by 
coil 200' is substantially zero, whereas the magnetic gap 
in the solenoid powered by coil 202' is at a maximum, 
the magnetic field in the solenoid powered by the coil 

55 200' may be caused to build from the residual field at as 
high or higher a rate than the field in the solenoid pow- 
ered by the coil 202'. As a result, the spool will remain 
latched as the field and thus the force in the solenoid 
powered by coil 202' rises to quite a substantial level. 

40 Then when the lower current in coil 200* through power 
n-channel device Q4 reaches a predetermined level, al- 
beit still considerably lower than the current in coil 202', 
the voltage drop across resistors R10, R21 and R22 will 
become adequate to start to turn on transistor Q5. pull- 

45 ing the gate voltage of power n-channel device Q4 lower 
so as to limit the current therethrough and thus through 
coil 200* to a level adequate to hold the base voltage of 
transistor Q5 at 1 VBE above ground. Thus the current 
in coil 200' becomes clamped at a moderate value, as 

50 even the moderate value provides a high latching force 
because of the zero magnetic gap in the respective so- 
lenoid magnetic circuit. Then, when monostable multiv- 
ibrator 322 times out, the Q output thereon on line 24 
will go high, turning on transistor Q6 to pull the gate volt- 

55 age of power n-channel device Q4 low, turning the same 
off to quickly terminate the latching current in coil 200', 
allowing the now high force in the solenoid powered by 
coil 202' to very rapidly accelerate the valve spool to the 



9 



17 



EP 0 803 026 B1 



18 



opposite position. Shortly thereafter, of course, monos- 
table multivibrator 308' will itself time out, after which the 
next clock cycle will turn off power n-channel devices 
Q1 and Q7 to terminate the current pulse in coil 202' 
after the spool has been latched in its new position. 
[0050] It will be noted that the circuit of Figure 12 does 
not include the back EMF suppression zener diodes Z1 
and Z2 of the circuit of Figure 8. Back EMF protection 
is provided, however, by the power n-channel devices 
themselves, the IRF540 devices effectively having back 
EMF zeners therein. In that regard, the zener diodes in 
the circuit of Figure 8 are forward biased by the back 
EMF so that the current pulse tails decline slower than 
necessary, whereas the internal zener devices in the 
power n-channel devices of Figure 12 only conduct in 
the reverse direction across the zener voltage, causing 
a more rapid declining current pulse tail. If desired, each 
zener diode of Figure 8 might be replaced by two zeners 
in series and connected in opposite polarity to achieve 
a more rapid current pulse termination. 
[0051] Now referring to Figure 14, a still further em- 
bodiment of the present invention may be seen. This 
embodiment illustrates a still further aspect of the inven- 
tion. In particular, in this embodiment, when one sole- 
noid is actuated, the opposite solenoid is used to sense 
the position of the valve spool so that the actuating cur- 
rent pulse may be terminated upon arrival of the spool 
at the actuated position, or a short time thereafter after 
any bounce has decayed. Further, this embodiment is 
microprocessor or single chip microcomputer control- 
led, so that depending upon the programming thereof 
injector valve control may be effected through the input 
to the processor of a control signal such as that illustrat- 
ed in Figure 10, or at the other extreme, may itself be 
used to control injector operation (injection timing and 
duration) of one or more, typically multiple cylinder in- 
jection valves based on basic parameter inputs thereto 
such as engine speed and "throttle" setting as well as 
secondary inputs if desired such as engine temperature, 
atmospheric conditions, etc. In that regard, the circuit of 
Figure 14 illustrates a control circuit for a single injector 
valve, though obviously aspects of the circuit can be rep- 
licated for multiple valve applications using other proc- 
essor or microcomputer output lines for the control 
thereof. 

[0052] The circuit illustrated in Figure 14 utilizes the 
same solenoid coil connections as the circuit of Figure 
12, namely that shown in Figure 13. In the embodiment 
shown, an Intel 8751 single chip computer 400 operat- 
ing under program control is used. The clock for the 
computer is referenced to an external crystal oscillator 
comprising crystal X1 and capacitor C1 and C2. Also, 
the RC circuit comprising resistor 2 and capacitor 3 pro- 
vides the appropriate reset pulse on start-up of the com- 
puter. The specific embodiment shown is intended to op- 
erate in response to the control signal of Figure 10 ap- 
plied to the J1 connector lead J1 -3. That input signal on 
line 208, normally held low by pull-down resistor R1, is 



inverted twice by NAND gates 402 and 404 to apply the 
signal at appropriate signal levels to one lead of one of 
the ports of the computer configured as an input port for 
that purpose. Two leads of another port configured as 

5 an output port provide signals on lines 406 and 408 to 
control voltage translation devices 41 0 and 41 2, respec- 
tively, which in turn turn on and off power n-channel de- 
vices Q1 and Q3, respectively, to provide the desired 
current pulses to solenoid coils 200' and 202\ respec- 

10 tively. 

[0053] To describe the operation of the circuit of Fig- 
ure 14, assume for the moment that the control signal 
of Figure 1 0 is low, that both power n-channel devices 
Q1 and Q3 have been off for a sufficient length of time 
15 for any current pulses in the respective solenoid coil to 
have reduced to zero, and that the valve spool is latched 
at the position last powered by solenoid coil 202'. In this 
state, the processor will hold line 406 low, holding power 
n-channel device Q1 off, line 408 low, holding power n- 
20 channel device Q3 off, and lines 414 and 416 high to 
hold transistors Q7 and Q10 on, respectively. In that re- 
gard, the circuit comprised of resistor R5, transistors Q7 
and Q6, resistors R3, R4 and R6, and power n-channel 
device Q5 functionally duplicates the circuit of Figure 12 
25 comprising resistor R23, transistors Q6 and Q5, resis- 
tors R22, R21 , R10 and R32, and power n-channel de- 
vice Q4 of Figure 12, providing the snap action herein- 
before described. As described, this snap action allows 
the previously actuated solenoid to initially hold the 
so valve spool until the newly actuated solenoid achieves 
a relatively high force level, at which time the spool will 
be released, thereby improving the speed of operation 
of the valve and repeatability with time and unit to unit. 
In the circuit of Figure 12, snap action was provided in 
35 only one valve actuation direction, whereas in Figure 1 4 
the circuit which provides snap action is duplicated so 
as to be provided on each solenoid coil, thereby provid- 
ing snap action in both directions, the timing and the re- 
lease being set under program control by the processor 
40 or single chip computer. For providing the same holding 
action on solenoid coil 202', the circuit is duplicated by 
resistor R15, transistors Q10 and Q9, resistors R14, R7 
and R22, and power n-channel device Q8. 
[0054] When the control signal on line 208 (Figure 1 4) 
45 goes high indicating injection is to begin, the processor 
pulls the voltage on line 406 high and the voltage on line 
416 low. Pulling line 406 high turns on power n-channel 
device Q1, pulling one end of solenoid coil 200' low, 
thereby applying substantially full battery voltage there- 
50 across. At the same time of course, line 416, being 
pulled low, allows pull-up resistor R22 to turn on power 
n-channel device Q8 until the current therethrough 
builds to the point that one VBE is applied to transistor 
Q9 to partially turn on the same and limit the gate voltage 
55 of power n-channel device Q8 to limit the current there- 
through as previously described with respect to the cor- 
responding circuit of Figure 1 2. Then, very shortly there- 
after, the processor drives the voltage on line 416 low 
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again, turning on transistor Q10 and turning off power 
n-channel device Q8 to initiate valve spool motion. At 
this point, even though the holding current in coil 202' 
rapidly decays, there is still a substantial field strength 
in the respective magnetic parts of the solenoid because 5 
of the absence of a non-magnetic gap in the respective 
magnetic circuit. Thus, the field starts to diminish, gen- 
erating a voltage across coil 202' equal to N^i. As the 
valve spool begins to move, the rate of collapse of the 
field in what had been the holding solenoid is acceler- 
ated because of the existence of an increasing non- 
magnetic gap in the respective magnetic circuit. This 
field collapse continues at an increased rate because of 
the increasing speed of the valve spool, until the valve 
spool is stopped at the extreme it was to travel. During 
most of the spool travel, the current in coil 202* will have 
fallen to substantially zero, the impedance of the circuits 
connected in parallel to solenoid coil 202' being relative- 
ly high. Consequently, the voltage generated in coil 202' 
is due primarily to two factors: one, the collapse of the 
field of the magnetic circuit surrounding coil 202' be- 
cause of the increasing non-magnetic gap in that sole- 
noid's magnetic circuit and, two, some coupling of the 
magnetic field from the opposite solenoid excitation. 
Generally speaking, the coupling from the excitation of 
the opposite solenoid will be relatively low, particularly 
as the spool approaches the end of its travel because 
of the now small and decreasing magnetic gap in the 
excited solenoid and the relatively large nonmagnetic 
gap in the solenoid having a substantially open coil. 
When the valve spool stops at its final position, what 
small residual magnetic field remains in the non-excited 
solenoid becomes stable so that the rate of change of 
field strength through coil 202* suddenly slows tremen- 
dously. 

[0055] The net result, of the foregoing is that once cur- 
rent is terminated in the holding solenoid to initiate the 
snap action of the valve spool toward the other solenoid, 
the back EMF in the solenoid coil of what had been the 
holding solenoid may be sensed to provide an accurate 
indication of the arrival of the valve spool at a fully ac- 
tuated position, which in turn may be used to terminate 
the excitation to the driving solenoid coil. The net effect 
of this is that all variables may be automatically account- 
ed for, including unit to unit variations, battery voltage 
variations, temperature variations, etc. by determining 
the actual arrival of the valve spool at the fully actuated 
position without any excessive drive on the actuating so- 
lenoid coil which would result in unnecessary power 
consumption and heating of the spool valve. 
[0056] Referring now to Figure 1 5, a strip chart show- 
ing the current waveform 420 in an actuated solenoid 
and the back EMF 422 measured on the coil of the so- 
lenoid which had previously been latched may be seen. 
As the current 420 initially rises, the spool remains in 
the latched position. Once the spool pulls away from the 
latched position and begins moving, an increasing back 
EMF 422 is generated in the coil of what had been the 



latched solenoid. That back EMF continues to increase 
until it reaches a peak at the time of arrival of the spool 
in the new latched position, at which time the back EMF 
rapidly decreases. In the curve shown in Figure 15 : the 
peak in the back EMF 422 was used to terminate the 
drive voltage and thus current 420 in the excited sole- 
noid, though even if the current 420 was continued 
thereafter for a period, the decaying back EMF once the 
valve spool reaches the new latch position will still be 
similar to that shown in Figure 1 5. Accordingly: the peak 
in the back EMF curve 422 may be used as a direct in- 
dication of the arrival of the spool at the new latched 
position, with the current pulse to the other solenoid be- 
ing terminated at that time, or preferably a short time 
thereafter to allow for the settling of any bounce of the 
spool at its new position. 

[0057] The peak in the back EM F of solenoid coil 200' 
of solenoid 140 (Figure 4) is sensed by the circuit com- 
prising capacitors C4, C5 and C3, resistors R8, R9, R10, 
R11, R12 : R13 and variable resistor R23, comparators 
440 and 442, NAND gate 444 and diodes D1 through 
D4. In that regard, diodes D1 and D2 clamp the positive 
input to comparator 440 to a voltage range of no less 
than one forward conduction diode voltage drop below 
circuit ground to no more than one forward conduction 
diode voltage drop above the five volt power supply. Di- 
odes D3 and D4, on the other hand, limit the voltage 
range of the negative input of comparator 442 to one 
forward conduction diode voltage drop below circuit 
ground to one forward conduction diode voltage drop 
above circuit ground. Both of these voltage ranges ex- 
tend beyond the voltage range of the opposite input to 
the respective comparator, and accordingly the diodes 
do not affect the inputs to the comparators around their 
switching point. 

[0058] When the back EMF of solenoid coil 200* is low 
or substantially zero and substantially unchanging, ca- 
pacitor C5 will discharge through resistors R9 and R10 
so that the positive input to comparator 440 will be sub- 
stantially at ground. The negative input, on the other 
hand, will be at some voltage above ground by an 
amount dependent upon the adjustment of variable re- 
sistor R23. Accordingly, the output transistor of the com- 
parator 440 will be turned on, holding the output of the 
comparator low against the pull-up resistor R12. This 
assures that one input to NAND gate 444 is low, making 
the output of the NAND gate 444 high independent of 
the other input thereto, which output is coupled back to 
the processor or single chip computer 400 as an input 
signal thereto. 

[0059] When the back EMF of coil 200' starts rising 
as the valve spool starts pulling away from the respec- 
tive solenoid, capacitor C3 couples the rising voltage 
through resistor R8 to the negative input of comparator 
442, assuring now that the output of comparator 442 is 
held low, thereby assuring that the output of NAND gate 
444 remains held high irrespective of the output of com- 
parator 440. As the back EMF continues to rise, capac- 
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itorC4 couples the rising back EMF to the positive input 
of comparator 440, capacitor C5 being a relatively small 
capacitor primarily for noise suppression purposes. 
When the positive input to comparator 440 exceeds the 
negative input to the comparator signifying that the back 
EMF has increased at an adequate rate and level to 
clearly indicate spool motion, the output transistor of 
comparator 440 will be turned off, allowing resistor R1 1 
to pull the respective input to NAND gate 444 high. The 
output of the NAND gate still remains high, however, be- 
cause of the still low second input to the NAND gate. At 
the same time, the negative input to comparator 442 ris- 
es somewhat also, the extent of the rise being limited in 
any event to one forward conduction diode voltage drop 
of diode D4, and is further limited dependent upon the 
rate of increase of the back EMF by resistor R8 which 
is a substantially lower valued resistorthan resistor R1 3. 
Because of the relatively low value of resistor R8, the 
combination of capacitor C3 and resistor R8 act as a 
differentiator in the frequency range of interest, holding 
the negative input to comparator 442 above ground 
when the back EMF is increasing, but pulling the same 
negative when the back EMF goes over the top of the 
curve shown in Figure 15 and begins any decrease, 
thereby acting as a peak detector. 
[0060] When the back EM F does go over the top and 
decreases at all, capacitor C3 will pull the negative input 
to comparator 442 low, turning off the output transistor 
of comparator 442 and allowing pull-up resistor R11 to 
pull the second input of NAND gate 444 high. Assuming 
the rise in the back EMF has been fast enough and high 
enough to properly indicate spool motion as herein be- 
fore described, both inputs to NAND gate 442 will be 
high immediately after the back EM F has peaked, there- 
by driving the output of NAND gate 444 low to signal the 
processor or single chip computerthat spool motion has 
been sensed and that the spool has arrived at the ex- 
treme of its travel. The processor may then use this sig- 
nal to turn off the actuating current pulse on coil 202' by 
driving the voltage on line 408 low, either immediately 
after sensing the arrival of the valve spool at the fully 
actuated position as in Figure 1 5, or alternatively a short 
time thereafter to allow for any bounce to settle to assure 
proper latching by way of the retentivity of the magnetic 
materials. 

[0061] The circuit just described is replicated for the 
solenoid coil 202' by capacitors C6, 07 and C8, resistors 
R16, R17, R18, R19, R20, R21 and variable resistor 
R24, diodes D5 through D8, comparators 446 and 448 
and NAND gate 450. Accordingly, the circuit of Figure 
14 provides snap action in both directions of motion of 
the spool valve, and actual sensing of the spool motion 
so that each actuating current pulse may be quickly yet 
reliably terminated upon arrival off the valve spool at the 
newly actuated position to minimize heating in the sole- 
noids independent of operating conditions and param- 
eters, thereby allowing a small solenoid valve and a high 
operating current pulse to minimize the operating time 



for the spool valve without substantial heating and par- 
ticularly overheating of the relatively small solenoid 
coils. 

[0062] Note that not only does the processor or single 

5 chip computer 400 control the various aspects of the op- 
eration of the spool valve, but that it essentially monitors 
the operation thereof also. Accordingly, the computer 
may also accomplish other tasks. By way of example, if 
the spool has any tendency to stick, the computer can 

10 recognize the lack of arrival of the spool at an actuated 
position within a predetermined maximum time period 
and shut off the current pulse even though the valve has 
not yet responded, thereby avoiding overheating and 
possible burnout of the solenoid coil. It can also sense 

*5 the repetition of such an occurrence and temporarily or 
permanently stop attempting to actuate the spool valve 
pending replacement of the spool valve or entire injec- 
tor. If a single computer is being used to control a plu- 
rality of injector spool valves through the various lines 

20 of the various ports of the computer, the computer can 
obviously identify the offending valve. Further, since the 
computer knows when it initiated a solenoid actuating 
current pulse, and the computer is again signaled when 
this spool motion is complete, the computer can deter- 

25 mine the length of time it took for the actuation, and com- 
pare that time to a standard time for present operating 
conditions, or monitor the short term variations in the 
length of actuation time of each spool valve controlled 
by the computer. This can be important, in that signifi- 

30 cant short term variations in the actuation time of a spool 
valve are suggestive of a deterioration in performance 
due to contamination, corrosion, or other factors which, 
if not corrected, could lead to an outright valve failure, 
as temperature, battery voltage, etc.. should not have a 

35 short-term effect on the spool valve. Accordingly, the 
computer can maintain performance statistics which 
can be interrogated and used at the time of planned en- 
gine maintenance to avoid the necessity of later un- 
planned maintenance. 

40 [0063] Now referring to Figure 1 7. a block diagram of 
one embodiment of fuel injection system in accordance 
with the present invention may be seen. This fuel injec- 
tion system, primarily intended for multiple cylinder en- 
gines, utilizes a master controller responsive to various 

45 inputs to provide control signals to individual controllers 
which in turn control an associated injector. In a typical 
system, the master controller would normally be respon- 
sive to such inputs as the throttle setting, the engine 
speed, engine temperature, ambient air temperature 

so and crankshaft position to establish the timing of the 
start and duration of injection for each cylinder. In such 
a system, the master controller would provide control 
signals generally in the form shown in Figure 10, with 
individual controllers of the general type illustrated in 

55 Figure 12. or other embodiments described herein or 
variations thereof, being responsive to the control signal 
to control the associated injector. If, by way of specific 
example, the controller in accordance with Figure 12 is 
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used for the individual controllers, the entire controller 
may be mounted on the injector, or as a first alternative, 
the power drive electronics may be mounted on the in- 
jector (or spool valve therefor) with the single chip com- 
puter being mounted in a separate control box controlled 
by the master controller. Also, as indicated in the figure, 
while the master controller controls the individual con- 
trollers which in turn control the respective injectors, the 
injectors may in turn feed back information to the indi- 
vidual controllers with respect to the required time of ac- 
tuation for the spool valve therein. The individual con- 
trollers may use the time of actuation for the spool valves 
to accumulate statistics on injector operation for com- 
municating back to the master controller, which may be 
interrogated through a diagnostics port on the master 
controller either continuously for display or recording, or 
periodically at the time of scheduled engine service. Al- 
ternatively, of course ; the individual controller could 
merely pass on these spool valve operating time periods 
to the master controller, with the statistics thereon being 
determined and maintained at the master controller for 
diagnostic purposes. 

[0064] The advantage of the configuration of Figure 
1 7 is that the individual controllers operate from a control 
signal waveform which is the same as the normal drive 
to prior art solenoid actuated injector valves wherein the 
solenoid is excited for the full duration of the valve in- 
jection period. While the normal drive for a prior art so- 
lenoid valve would normally be of a higher voltage, the 
waveform could be easily clipped, limited or otherwise 
translated to the input voltage range of a single chip 
computer or other drive circuit being used, so that injec- 
tors with individual controllers could potentially be used 
in direct substitution of prior art solenoid operated injec- 
tion valves. Such a system would not have the diagnos- 
tics capabilities hereinbefore explained unless the con- 
troller of the prior art was also replaced by a correspond- 
ing controller in accordance with the present invention, 
either when the injectors were replaced or at any appro- 
priate later time as desired. In that regard, note that the 
speed of injection and particularly the speed with which 
injection can be terminated is not dependent upon the 
master controller, but rather the individual controllers 
and the injectors, so that replacement of prior art sole- 
noid operated injectors with the injectors and individual 
controllers of the present invention without changing the 
central controller should still result in increased fuel 
economy and lower emissions from the engine. 
[0065] In the case of new engines and engines where- 
in the entire fuel injection system may be changed, a 
single more powerful central controller may be used as 
shown in Figure 18. Here a single central computer 
monitors the various parameters determining injection 
time and duration and controls the drive electronic for 
the spool valves of the individual injectors, the spool 
valves in turn providing their own performance data 
back to the controller for display through a diagnostic 
system and/or later retrieval by the diagnostic system. 



[0066] Referring again to Figure 3 and the description 
relating thereto, the advantages of the small pre-injec- 
tion preceding the main injection have been described. 
The present invention allows such pre-injection by ap- 
5 propriate programming of the computer controlling the 
spool valves on each injector. In particular, Figure 11 
shows the current pulse in one coil to actuate the spool 
valve and latch the same so as to initiate injection, and 
the current pulse in the opposite coil to return the spool 
10 valve to the original position and latch the same to ter- 
minate injection. These current pulses, however, can be 
closely spaced in time, or even be somewhat overlap- 
ping, to have an initial very short injection period, then 
followed by the full injection cycle again to provide the 
*5 pre-injection followed by normal injection. Further, the 
current pulse to initiate pre-injection may be intention- 
ally shortened so that full spool valve motion to initiate 
injection is not achieved before excitation of the oppos- 
ing solenoid coil. In that regard, it should be noted that, 
as previously described, controllers of the present in- 
vention may sense the time required for full actuation of 
the spool valve, either as measured from the beginning 
of the actuating pulse, or in the case of snap action, from 
the termination of the holding current allowing release 
of the spool valve to initiate actuation. This time of spool 
valve actuation may be measured during the normal in- 
jection cycle (as opposed to during pre-injection). While 
this measured time will vary dependent upon battery 
voltage, individual coil resistance, temperature, etc., the 
time for full travel of the spool valve to initiate injection 
effectively integrates the effect of all such variables. Fur- 
ther, the general shape of the curve of spool valve po- 
sition versus time during actuation will be fixed, even 
though the time base may be stretched or compressed 
dependent upon battery voltage, etc. Consequently, one 
can determine the current actuation pulse to cause less 
than full spool valve motion for pre-injection as a per- 
centage of the full normal injection current pulse as a 
design parameter of the injection system, and then ap- 
ply that predetermined percentage to the last full injec- 
tion cycle to determine the current pulse for the next pre- 
injection cycle. In this way, a carefully tailored pre-injec- 
tion cycle may be achieved in spite of variations of tem- 
perature, battery voltage, etc., as such variations will be 
or can be made small (capacitive filtering of battery volt- 
age, etc.) between one injection cycle and the next pre- 
injection cycle. 

[0067] Battery voltage in a properly operating engine 
system will remain within reasonable limits, and the 
present invention is particularly tolerant of battery volt- 
age variations because of its ability to terminate the 
spool valve actuating current pulse as soon as spool 
valve motion is complete and latching has been 
achieved. However battery voltage during engine start- 
ing can drop drastically, though good control of injection 
during starting of an engine, particularly a cold engine, 
is still desired. Accordingly, for this purpose, a boost volt- 
age circuit may be utilized when the battery voltage 
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drops below some predetermined voltage, such as be- 
low a normal operating voltage indicative of the opera- 
tion of the starter motor. 

[0068] For this purpose, as shown in Figure 1 9, a low 
voltage detection circuit is connected to the battery sup- 
ply line for the injection system. Thus, when the battery 
voltage as supplied to the injection system falls below 
some predetermined limit such as, by way of example, 
10 or 11 volts in a 12 volt (typically 12.6 volt) system, or 
perhaps 22 volts in a 24 volt system, the output of the 
low voltage detection circuit will enable the operation of 
a step-up switching regulator which in turn provides a 
stepped up and regulated output voltage VOUT to a 
valve supply switching circuit. Step-up switching regu- 
lators in genera! provide a constant output voltage 
VOUT independent of the input voltage, and are capable 
of proper operation from a small step-up in voltage to 
stepping up of the input voltage thereto by a substantial 
multiple. In that regard, one of the advantages of the 
present Invention is the fact that the average power re- 
quired for actuation of the spool valves is relatively low, 
a very small fraction of that required by prior art solenoid 
controlled injection valves, so that the power capabilities 
required of the step-up switching regulator used with the 
present invention is relatively modest, particularly con- 
sidering that the same may be operating the fuel injec- 
tors for a relatively large diesel engine. 
[0069] A full circuit of the type shown in Figure 1 9 may 
be seen in Figure 20. Here, a current supplied by resistor 
500 through a voltage source 502 is provided as the pos- 
itive input to comparator 504. Voltage source 502 may 
be a zener diode or other voltage source as are readily 
commercially available. The negative input to compara- 
tor 504 is provided by voltage divider comprising resis- 
tors 506 and 508. In operation, voltage source 502 holds 
the positive input to the comparator at the voltage of the 
voltage source. If the battery voltage is sufficiently high, 
the divided down voltage on the negative input to the 
comparator 504 will still be higher than the voltage of 
voltage source 502 to hold the output of the comparator 
on line 510 low. As the battery voltage decreases : volt- 
age source 502 will hold the positive input to the com- 
parator at the voltage of the voltage source, whereas 
the voltage on the negative input will decrease in pro- 
portion to the decrease in the battery voltage until finally 
the positive input to the comparator 504 is higher than 
the negative input, driving the output of the comparator 
on line 510 high. If the battery voltage drops below the 
voltage of voltage source 502, the voltage source will 
shut off. Now the voltage on the positive input to the 
comparator will be substantially equal to the battery volt- 
age, though the negative input to comparator 504 will 
be a voltage divided down from the battery voltage, so 
that the positive input to the comparator is still higher 
than the negative input, so that the comparator still holds 
line 510 high. 

[0070] The voltage from line 51 0 provides an enable 
signal to the switching step-up regulator 51 2, in the em- 



bodiment shown a pulse width modulation switching 
regulator integrated circuit. (Switching regulators of var- 
ious types, including pulse width modulation and fre- 
quency modulation regulators, are well known in the pri- 
5 or art of electronics and need not be described further 
herein). The output of the pulse width modulation 
switching regulator integrated circuit is coupled through 
line 514 to the base of transistor 51 6. When the pulse 
width modulator 51 2 is enabled as a result of low battery 
10 voltage, the output of the pulse width modulator 51 2 will 
turn transistor 516 on and off at a constant frequency, 
but with a duty cycle as required to maintain the voltage 
on line 51 8 at the predetermined desired level as sensed 
by the feedback online 520 to the pulse width modulator. 
*5 in particular, when transistor 516 is turned on, the cur- 
rent in inductor 522 rises linearly, building up energy in 
the magnetic field of the inductor. When transistor 516 
is turned off, the back EMF of inductor 522 forward bi- 
ases diode 524 to provide a charging current pulse to 
capacitor 526 which in turn delivers current to the valves 
through diode 528. If the electrical load on such a sys- 
tem is relatively low, transistor 51 6 will be turned on with 
a relatively low duty cycle, so that little energy builds in 
inductor 522 before the transistor is turned off. As this 
energy is delivered to capacitor 526 through diode 524, 
the current in inductor 522 will again fall to zero, diode 
524 thereafter preventing reverse current flow from the 
output back to the battery. On the other hand, if the elec- 
trical load on the system is relatively high, transistor 51 6 
may be turned on with a much higher duty cycle so that 
when transistor 51 6 is turned off, a higher current pulse 
is delivered to capacitor 526 through diode 524, with 
transistor 516 being turned on again to again replenish 
the energy in the inductor even before the inductor cur- 
rent falls to zero. 

[0071] Because of the low energy requirements of the 
solenoids of the present invention, switching regulators 
of a reasonable size may be used to step up a battery 
terminal voltage of only a few volts to the full desired 
operating voltage of the system. This assures perform- 
ance of the injection system at any battery voltage ad- 
equate to turn over the engine for starting purposes. Of 
course, when the battery voltage in the circuit of Figure 
20 is sufficiently high, the negative input to comparator 
504 will exceed the positive input thereto, driving the en- 
able voltage on line 510 low to turn off the pulse width 
modulator 512. This holds transistor 516 off, with the 
battery power being supplied through diode 530 to op- 
erate the valves. In this condition the current through 
inductor 522 will be zero, as the forward conduction volt- 
age drop of diode 520 will be less than the forward con- 
duction diode voltage drop required by the two diodes 
524 and 528. 

[0072] Referring again to Figure 3, it has been found 
that careful control of the pre-injection will substantially 
reduce the nitrous oxides (NO x ) emissions of a diesel 
engine, as well as substantially eliminate the knocking 
which heretofore has characterized diesel engines. 
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Thus special consideration should be given to the pre- 
injection and its relationship to the main injection. Pre- 
injection initiates combustion, so that main combustion 
begins on the beginning of main injection, effectively 
eliminating the combustion delay causing knocking and 
which delay has been found to increase NO x emissions. 
Consequently the timing of pre-injection with respect to 
main injection is very important. Pre-injection too close 
to main injection will not fully eliminate the delay of the 
onset of main combustion, yet pre-injection too early can 
cause nearly complete combustion of the pre-injected 
fuel : so that again main combustion is not initiated im- 
mediately on the initiation of main injection. In general, 
the best delay between pre-injection and main injection 
is relatively independent of engine speed, though one 
of the advantages of the present invention is the ability 
to accurately control all parameters of pre-injection and 
the relationship between pre-injection and main injec- 
tion to optimize engine operation under varying operat- 
ing conditions. 

[0073] In general, the desired delay between pre-in- 
jection and main injection is on the order of 250 micro- 
seconds, so speed of operation of the valves and con- 
trollers of the present invention is essential to achieving 
the desired result. Also it is desired to vary not only the 
delay timing, but also the amount of pre-injection de- 
pendent on engine operating conditions and even envi- 
ronmental conditions, as a cold engine my call for a long- 
er delay an idling engine for less pre-injection, etc. 
[0074] There are various ways available with the 
present invention to control the pre-injection. For in- 
stance, if the circuit of Figure 1 4 is used, the snap action 
described with respect thereto may be used to provide 
accurate knowledge as to the initiation of the spool valve 
motion. In some instances, pre-injection will be accom- 
plished by latching the valve in the injection position and 
very quickly providing the opposite latching pulse to turn 
off the injection. However, depending on the engine, in- 
jector and operating conditions, because the desired 
pre-injection will be short, the actuating current pulse 
may be terminated before the spool travel is complete 
and the same latches in the injection position. Instead, 
the actuating current pulse will be terminated before the 
spool travel is complete and the current pulse terminat- 
ing injection will be initiated, either just after the actuat- 
ing current pulse is terminated, or even just before the 
actuating current pulse is terminated so that there is 
some slight overlap between the two pulses. Since main 
injection begins very shortly after pre-injection, the 
spool valve may not latch at the injection off position be- 
fore the pulse initiating main injection occurs. Even here 
however, the pulse initiating main injection may slightly 
overlap the pulse terminating pre-injection if desired to 
provide a snap action at the beginning of main injection, 
as a snap action wilt still be achieved without latching 
because the current pulses are of equal amplitude and 
the spool valve will be closer to the injection off position. 
[0075] Instead of using the snap action at the initiation 



of pre-injection as described above, the beginning of ac- 
tual spool valve motion may be sensed, potentially pro- 
viding an even more accurate reference from which to 
anticipate spool motion in response to the pre-injection 
5 controlling current pulses. In particular, it was previously 
pointed out with respect to Figure 15 that on the begin- 
ning of an actuating current pulse, curve 422 initially 
drifts downward, but curves upward on the initiation of 
motion of the spool valve. Consequently the change of 
slope may readily be detected by well known techniques 
and used to indicate initiation of motion. Otherwise the 
operation of the injection system may be as described. 
[0076] Another way to control pre-injection that may 
be used is to sense the beginning of pre-injection by 
sensing some parameter directly responsive to pre-in- 
jection. For this purpose, a pressure transducer has 
been used at the outlet of the pressurized fuel supply 
supplying the injectors. Initiation and termination of pre- 
injection can be sensed by a sudden drop in pressure 
and a sudden rise in pressure, respectively. In general, 
initiation of pre-injection has been sensed this way with 
test injectors in accordance with the present invention, 
with the rest of the pre-injection and main injection cy- 
cles being controlled as described above. 
[0077] Still another way to control pre-injection is to 
sense cylinder pressure for each cylinder of the engine, 
such as by use of a strain gauge transducer. While this 
would require multiple transducers operating in an ad- 
verse environment, it would not only allow sensing the 
pressure rise due to pre-injection, but would also pro- 
vide information on balance between cylinders for pre- 
injection, main injection and compression itself, and in- 
formation from which such balance could be main- 
tained, and would provide very useful diagnostic infor- 
mation for maintaining peak engine performance. In that 
regard, injectors may each be characterized at the time 
of manufacture as to certain parameters unique to that 
injector, such as injection flow rate, parameters effecting 
speed of operation, etc. and each injector marked with 
a letter code or other code indicative of these parame- 
ters. Then on installation on an engine, the injection sys- 
tem controller would be given the code for each injector 
so that the controller will match each injector with the 
appropriate control parameters. Such injector charac- 
terization may be done on test equipment set up for that 
purpose, or even on an operating engine (typically a sin- 
gle cylinder engine) so that pressure traces may be tak- 
en, efficiency maximized and noise, emissions, etc. may 
be measured and minimized by the characterization of 
the injectors. Exemplary controller systems utilizing fuel 
pressure and cylinder pressures are shown in block di- 
agram form in Figures 21 and 22, respectively. Also 
shown in these Figures is the use of cylinder tempera- 
tures instead of or in addition to overall engine temper- 
ature. Cylinder temperatures may be measured by ther- 
mocouple-type or other temperature sensors, and are 
useful not only for cylinder balancing purposes, but also 
as providing an indication of combined effects of engine 
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operating conditions (engine temperature, load, etc.) 
and environmental conditions (ambient air tempera- 
ture). Also shown is the use of ambient air pressure, 
useful to limit the maximum amount of main fuel injection 
in relation to the total amount of air being ingested for 5 
combustion. 

[0078] The speed of the present invention injection 
system and the flexibility of the control system allow the 
control of various parameters under varying operating 
conditions, even on intensif ier type injectors. Obviously, 10 
control of the duration of main injection provides the ba- 
sic power control. In addition however, it is contemplated 
that the ultimate control will be determined by operating 
a representative engine at various combinations of load 
and RPM and determining the best parameters for op- 15 
timum performance for each combination of load and 
RPM tested. It is possible that parameters for city driving 
would be purposely different from those for country driv- 
ing, as noise is much more of a problem in city operation 
than in country operation. Parameters that will be varied 20 
may include the pre- injection initiating current pulse 
width, the time the spool valve is held open on pre-in- 
jection, the total duration the pre-injection and how far 
the initiating and terminating pulses are separated in 
time or how much they overlap, and the timing between 25 
the pre-injection and main injection. It is contemplated 
that these, and perhaps other parameters be deter- 
mined at representative operating points over the full en- 
gine operating range of load and RPM, such as shown 
in Figure 23, and that the controller interpolate each pa- 30 
rameter between test points as required during normal 
engine operation (test points may be out of the normal 
operating range for interpolation purposes even though 
the injector control system may prevent normal engine 
operations at such extremes). 35 
[0079] Now referring to Figure 24, a further embodi- 
ment of fuel injection system controller of the present 
invention may be seen. This embodiment differs from 
the embodiment of Figure 14 only in that one side of 
each solenoid coil is grounded, rather than being tied 40 
high as in the embodiment of Figure 14. Since the op- 
eration of this embodiment is the same as that of Figure 
14, the prior detailed description of such operation will 
not be repeated herein, the circuit being presented how- 
ever, as the same is now preferred over the embodiment 4s 
of Figure 14. 

Claims 

50 

1 . A fuel injection system comprising: 
a fuel injector (50); 

an injector valve member (1 20) for coupling to 
a source of fluid under pressure (108), the in- 55 
jector valve member (1 20) being coupled to the 
fuel injector (50); 

a first solenoid coil (138) for magnetically mov- 



ing the valve member (120) to a first position 
for stopping fuel injection by the fuel injector 
(50) responsive to an actuating current in the 
first solenoid coil (138); 
a second solenoid coil (140) for moving the 
valve member (120) to a second position for 
causing fuel injection by the fuel injector (50) 
responsive to the actuating current in the sec- 
ond solenoid coil (140) ; 
an electronic control system coupled to the first 
solenoid coil (1 38) and the second solenoid coil 
(140), the control system providing the actuat- 
ing current to one of the solenoid coils and ter- 
minating actuating current to the other solenoid 
coil to move the valve member (120) to one of 
the first and second positions, the control sys- 
tem characterized by a sensing circuit coupled 
to the other solenoid coil to sense a back EMF 
in the other solenoid coil resulting from the 
movement of the valve member (120), and to 
terminate the actuating current to the one of the 
solenoid coils upon arrival of the valve member 
(120) at the one of the first and second posi- 
tions, or a short time thereafter after any 
bounce has decayed. 

2. The fuel injection system of claim 1 wherein the 
valve member (120) tends to remain in the first po- 
sition by residual magnetism as the current in the 
first solenoid coil (1 38) reduces toward zero and in 
the second position by residual magnetism as the 
current in the second solenoid coil (140) reduces 
toward zero, preferably wherein the residual mag- 
netism is at least in part the residual magnetism of 
the valve member (1 20), and preferably wherein the 
valve member (120) is a spool valve member. 

3. The fuel injection system of any one of claims 1 or 
2 further comprised of means responsive to the ac- 
tuation time between applying a current to a sole- 
noid coil and the valve member (120) reaching the 
position caused by the current in the respective so- 
lenoid coil for monitoring the variation in the actua- 
tion times for successive operating cycles of the fuel 
injection system, preferably wherein the electronic 
control system is microprocessor controlled. 

4. The fuel injection system of any one of claims 1 
through 3 further comprised of a second sensing cir- 
cuit, coupled to the other of the solenoid coils for 
also sensing the valve member (120) reaching the 
position caused by the current in the opposite sole- 
noid coil and for terminating the current in the re- 
spective one of the solenoids responsive thereto. 

5. The fuel injection system of any one of claims 1 
through 4 wherein the electronic control system will 
temporarily provide a holding current to one of the 
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solenoid coils to hold the valve member (120) in its 
then present position as actuation current is applied 
to the other solenoid coil, then will terminate the 
holding current to release the valve member (120) 
for actuation. 

6. The fuel injection system of any one of claims 1 
through 5 wherein the electronic control system in- 
cludes sensors for responding to at least one of op- 
erating conditions of an engine and environmental 
conditions, the microprocessor being responsive to 
sensors to control the position of the valve member 
(120) to initiate and terminate fuel injection by the 
injector. 

7. The fuel injection system of any one of claims 1 
through 6 wherein the electronic control system pro- 
vides current to the first solenoid coil (1 38) and the- 
second solenoid coil (140) to initiate fuel injection 
and to terminate fuel injection shortly thereafter to 
provide a pilot injection cycle, and provides current 
to the first (138) and second solenoid coils (140) to 
initiate fuel injection a short time after the pilot in- 
jection and to terminate fuel injection. 

8. A method of controlling a fuel injection system, the 
fuel injection system including a fuel injector (50), 
an injector valve member (120) coupled to the fuel 
injector (50), a first solenoid coil (138) for magneti- 
cally moving the valve member (1 20) to a first posi- 
tion for causing fuel injection by the fuel injector (50) 
responsive to an actuating current in the first sole- 
noid coil (1 38), a second solenoid coil (1 40) for mov- 
ing the valve member (1 20) to a second position for 
stopping fuel injection by the fuel injector (50) re- 
sponsive to the actuating current in the second so- 
lenoid coil (140), and an electronic control system 
coupled to the first solenoid coil (138) and the sec- 
ond solenoid coil (1 40) to provide the actuating cur- 
rent, the method comprising: 

providing the actuating current to one of the so- 
lenoid coils; and 

terminating the actuating current to the other 
solenoid coil; and then 

sensing a back EMF in the other solenoid coil 
resulting from the movement of the vatve mem- 
ber (120); and then 

terminating the actuating current to the one of 
the solenoid coils upon arrival of the valve 
member (1 20) at the one of the first and second 
actuated positions, or a short time thereafter af- 
ter any bounce has decayed. 

9. The method of claim 8 further comprising providing 
the actuating current to the other solenoid coil be- 
fore or simultaneously with providing the actuating 
current to the one of the solenoid coils, and wherein 



terminating the actuating current to the other sole- 
noid coil is after providing the actuating current to 
the one of the solenoid coils. 

5 10. The method of any one of claims 8 or 9 further com- 
prising providing the actuating current to the other 
solenoid coil after terminating the actuating current 
to the one of the solenoid coils, and wherein the 
valve member (120) tends to remain in one of the 

10 first position and the second position by residual 
magnetism. 

Patentanspruche 

15 

1 . Kraftstoffeinspritzsystem mit: 

einem Kraftstoffinjektor (50) ; 
einem Injektorventilelement (120) zum An- 
20 schluB an eine Druckfluidquelle (108), wobei 

das Injektorventilelement (120) an den Kraft- 
stoffinjektor (50) angeschlossen ist; 
einer ersten Stellmagnetspule (138), urn das 
Ventilelement (120) magnetisch in eine erste 
25 Stellung zu bewegen, um die Kraftstoffeinsprit- 

zungdurch den Kraftstoffinjektor (50) in Abhan- 
gigkeit von einem Betatigungsstrom in der er- 
sten Stellmagnetspule (138) zu stoppen; 
einer zweiten Stellmagnetspule (140), um das 
30 Ventilelement (120) in eine zweite Stellung zu 

bewegen, um die Kraftstoffeinspritzung durch 
den Kraftstoffinjektor (50) in Abhangigkeit vom 
Betatigungsstrom in der zweiten Stellmagnet- 
spule (140) zu bewirken; 
35 einem eiektronischen Steuerungssystem, das 

an die erste Stellmagnetspule (138) und die 
zweite Stellmagnetspule (140) angeschlossen 
ist, wobei das Steuerungssystem den Betati- 
gungsstrom an eine der Stellmagnetspulen lie- 
^0 fert und den Betatigungsstrom zur anderen 

Stellmagnetspule unterbricht, um das Ventil- 
element (120) in eine der ersten und zweiten 
Stellungen zu bewegen, wobei das Steue- 
rungssystem durch eine Sensorschaltung ge- 
45 kennzeichnet ist, die an die andere Stellma- 

gnetspule angeschlossen ist, um eine elektro- 
motorische Ruckstellkraft (Ruckstell-EMK) in 
der anderen Stellmagnetspule zu erfassen, die 
aus der Bewegung des Ventilelements (120) 
50 resultiert, und um den Betatigungsstrom zu der 

einen Stellmagnetspule zu unterbrechen, 
nachdem das Ventilelement (120) an der einen 
der ersten und der zweiten Positionen ange- 
kommen ist oder kurze Zeit danach, nachdem 
55 ein etwaiger Aufprall abgeklungen ist. 

2. Kraftstoffeinspritzsystem nach Anspruch 1, wobei 
das Ventilelement (120) dazu tendiert, aufgrund 
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von Restmagnetismus in der ersten Stellung zu ver- 
bleiben, wenn sich der Strom in der ersten Stellma- 
gnetspule (138) auf Null vermindert, und bedingt 
durch Restmagnetismus, in derzweiten Stellung zu 
verbleiben, wenn sich der Strom in der zweiten 
Stellmagnetspule (140) auf Null vermindert, wobei 
der Restmagnetismus vorzugsweise zumindest 
zum Teil der Restmagnetismus des Ventilelements 
(120) ist und wobei das Ventilelement (120) vor- 
zugsweise ein Schieberventilelement ist. 

3. Kraftstoffeinspritzsystem nach Anspruch 1 oder 2, 
das auBerdem Mittel aufweist, die auf die Betati- 
gungszeit zwischen dem Anlegen eines Stroms an 
eine Stellmagnetspule und dem Zeitpunkt an- 
spricht.. an dem das Ventilelement (120) die durch 
den Strom in der jeweiligen Stellmagnetspule be- 
wirkte Stellung erreicht, urn die Veranderung der 
Betatigungszeiten bei aufeinanderfolgenden Be- 
triebszyklen des Krafteinspitzsystems zu uberwa- 
chen, wobei das elektronische Steuerungssystem 
vorzugsweise mikroprozessorgesteuert ist. 

4. Kraftstoffeinspritzsystem nach einem der Ansprii- 
che 1 bis 3, das weiterhin eine zweite Sensorschal- 
tung aufweist, die an die andere der Stellmagnet- 
spulen angeschlossen ist, urn ebenfalls zu erfas- 
sen, wann das Ventilelement (120) die durch den 
Strom in der gegeniiberliegenden Stellmagnetspu- 
le bewirkte Stellung erreicht, und um den Strom in 
dem jeweils hiervon abhangigen Stellmagneten zu 
unterbrechen. 

5. Kraftstoffeinspritzsystem nach einem der Anspru- 
che 1 bis 4, wobei das elektronische Steuerungs- 
system zertweise einen Haltestrom an eine der 
Stellmagnetspulen liefert, um das Ventilelement 
(120) in seiner dann eingenommenen Stellung zu 
halten, wenn ein Betatigungsstrom an die andere 
Stellmagnetspule angelegt wird ; und woraufhin der 
Haltestrom unterbrochen wird, um das Ventilele- 
ment (120) zur Betatigung freizugeben. 

6. Kraftstoffeinspritzsystem nach einem der Anspru- 
che 1 bis 5, wobei das elektronische Steuerungs- 
system Sensoren aufweist, um wenigstens auf Be- 
triebszustande eines Motors oder auf Umweltbe- 
dingungen zu reagieren, und wobei der Mikropro- 
zessor auf Sensoren reagiert, um die Stellung des 
Ventilelements (120) zu steuern, um die Kraftstof- 
feinspritzungen durch den Injektor auszulosen und 
zu beenden. 

7. Kraftstoffeinspritzsystem nach einem der Anspru- 
che 1 bis 6 r wobei das elektronische Steuerungs- 
system Strom an die erste Stellmagnetspule (138) 
und die zweite Stellmagnetspule (140) liefert, um 
eine Kraflstoffeinspritzung auszulosen und um die 



Kraftstoffeinspritzung kurz danach zu beenden und 
somit einen Voreinspritzzyklus zu schaffen, und wo- 
bei es Strom an die erste (138) und die zweite (140) 
Stellmagnetspule liefert, um eine Kraftstoffeinsprit- 
5 zung kurze Zeit nach der Voreinspritzung auszulo- 
sen und die Kraftstoffeinspritzung zu beenden. 

8. Verfahren zum Steuern eines Kraftstoffeinspritzsy- 
stems, wobei das Kraftstoffeinspritzsystem folgen- 

10 de Merkmale aufweist: eirien Kraftstoffinjektor (50), 
ein Injektorventilelement (120), das mit dem Kraft- 
stoffinjektor (50) verbunden ist, eine erste Stellma- 
gnetspule (138), um das Ventilelement (120) ma- 
gnetisch in eine erste Stellung zu bewegen, um da- 
15 mit die Kraftstoffeinspritzung durch den Kraftstoffin- 
jektor (50) in Reaktion auf einen Betatigungsstrom 
in der ersten Stellmagnetspule (138) auszulosen, 
eine zweite Stellmagnetspule (140), um das Ventil- 
element (120) in eine zweite Stellung zu bewegen, 
um die Kraftstoffeinspritzung durch den Kraftstoffin- 
jektor in Reaktion auf den Betatigungsstrom in der 
zweiten Stellmagnetspule (140) zu beenden, und 
ein elektronisches Steuerungssystem, das an die 
erste Stellmagnetspule (138) und die zweite Stell- 
magnetspule (140) angeschlossen ist, um den Be- 
tatigungsstrom bereitzustellen, wobei das Verfah- 
ren folgende Merkmale aufweist: 

Liefern eines Betatigungsstroms an eine der 
Stellmagnetspulen; und 
Unterbrechen des Betatigungsstroms zu der 
anderen Stellmagnetspule; und sodann 
Messen einer Ruckstell-EMK in der anderen 
Stellmagnetspule, die aus der Bewegung des 
Ventilelements (120) resultiert; und sodann 
Unterbrechen des Betatigungsstroms zu der ei- 
nen Stellmagnetspule, nachdem das Ventilele- 
ment (120) die eine der ersten und zweiten Be- 
tatigungsstellungen erreicht hat oder kurze Zeit 
nachdem ein etwaiger Aufprall abgeklungen 
ist. 

9. Verfahren nach Anspruch 8, das zusatzlich das Lie- 
fern des Betatigungsstroms an die andere Stellma- 
gnetspule vor odergleichzertig mit dem Liefern des 
Betatigungsstroms an die eine Stellmagnetspule 
aufweist, und wobei der Betatigungstrom an die an-, 
dere Betatigungsspule unterbrochen wird, nach- 
dem der Betatigungsstrom an die eine Betatigungs- 
spule geliefert wird. 

10. Verfahren nach Anspruch 8 oder 9, das zusatzlich 
das Liefern des Betatigungsstroms an die andere 
Stellmagnetspule aufweist, nachdem der Betati- 
gungsstrom zu der einen Stellmagnetspule unter- 
brochen wurde, und wobei das Ventilelement (120) 
aufgrund des Restmagnetismus dazu tendiert, in 
der ersten Stellung oder der zweiten Stellung zu 
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verbleiben. 
Revendications 

1 . Systeme d'injection de carburant comprenant : 



3. Systeme d'injection de carburant selon Tun des re- 
vendications 1 ou 2 comprenant, en outre, un 
moyen sensible a la duree d'excitation d'un courant 
a la bobine d'electro-aimant et I'element de soupa- 

5 pe (120) atteignant la position entraTnee par le cou- 
rant dans la bobine d'electro-aimant respective 
pour surveiller la variation des durees d'excitation 
pour des cycles d'operation successifs du systeme 
d'injection du carburant, de preference dans les- 

10 quels le systeme de commande electronique est 
commande par micropresseur. 



un injecteur de carburant (50) ; 
un element de soupape d'injecteur (120) pour 
couplage a une source de fluide sous pression 
(108), I'element d'injecteur de soupape (120) 
etant couple a I'injecteur de carburant (50) ; 
une premiere bobine d'electro-aimant (138) 
pour deplacer magnetiquement I'element de 
soupape (1 20) a une premiere position pour ar- 
reter I'injection du carburant par I'injecteur de 
carburant (50) en reponse a un courant d'exci- 
tation dans la premiere bobine d'electro-aimant 
(138) ; 

une seconde bobine d'electro-aimant (140) 
pour deplacer I'element de soupape (120) a 
une seconde position pour entramer I'injection 
du carburant par I'injecteur de carburant (50) 
en reponse au courant d'excitation dans la se- 
conde bobine d'electro-aimant (140) ; 
un systeme de commande electronique couple 
a la premiere bobine d'electro-aimant (138) et 
a la seconde bobine d'electro-aimant (140), le 
systeme de commande delivrant le courant 
d'excitation a une des bobines d'electro-aimant 
et arretant le courant d'excitation a I'autre bo- 
bine d'electro-aimant pour deplacer I'element 
de soupape (1 20) a une des premiere et secon- 
de positons, le systeme de commande etant 
caracterise par un circuit de detection couple 
a I'autre bobine d'electro-aimant pour detecter 
une force contre electro-motrice dans I'autre 
bobine d'electro-aimant resultant du deplace- 
ment de I'element de soupape (120) et arreter 
le courant d'excitation a Tune des bobines 
d'electro-aimant sur arrivee de I'element de 
soupape (120) a une des premiere et seconde 
positions, ou un court instant par la suite apres 
que tout rebondissement ait diminue. 

2. Systeme d'injection de carburant selon la revendi- 
cation 1, dans lequel I'element de soupape (120) 
tend a demeurer dans la premiere position par le 
magnetisme residuel a mesure que le courant dans 
la premiere bobine d'electro-aimant (138) reduit 
vers zero et dans la seconde position par le magne- 
tisme residuel a mesure que le courant dans la se- 
conde bobine (140) reduit vers zero, de preference 
dans lequel le magnetisme residuel est au moins 
en partie le magnetisme residuel de I'element de 
soupape (120) et, de preference, dans lequel I'ele- 
ment de soupape (1 20) est un element de soupape 
a tiroirs. 



4. Systeme d'injection de carburant selon I'une quel- 
conque des revendications 1 a 3, constitue en outre 

*5 d'un second circuit de detection couple a I'autre des 
bobines d'electro-aimant pour detecter egalement 
I'element de soupape (120) atteignant la position 
provoquee par le courant dans la bobine d'electro- 
aimant opposee pour arreter le courant dans 

20 I'electro-aimant respectif des electro-aimants en re- 
ponse a celui ci. 

5. Systeme d'injection du carburant selon I'une quel- 
conque des revendications 1 a 4, dans lequel le sys- 

25 teme de commande electronique delivrera tempo- 
rairement un courant de maintien a une des bobines 
d'electro-aimant pourmaintenir I'element de soupa- 
pe (120) dans sa position presente a mesure que 
le courant d'excitation est applique a I'autre bobine 

30 d'electro-aimant, arretera ensuite le courant de 
maintien pour liberer I'element de soupape (1 20) de 
son excitation. 

6. Systeme d'injection de carburant selon I'une quel- 
35 conque des revendications 1 a 5, dans lequel le sys- 
teme de commande electronique comprend des 
capteurs pour repondre au moins a une des condi- 
tions de fonctionnement d'un moteur et a des con- 
ditions d'environnement, le micropresseur etant 

40 sensible aux capteurs pour commander la position 
de I'element de soupape (1 20) pour initier et arreter 
I'injection de carburant par I'injecteur 

7. Systeme d'injection de carburant selon I'une quel- 
45 conque des revendications 1 a 6, dans lequel le sys- 
teme de commande electronique delivre le courant 
a la premiere bobine d'electro-aimant (138) a la se- 
conde bobine d'electro-aimant (140) pour initier I'in- 
jection du carburant et pour arreter I'injection du car- 

50 burant tres peu de temps par la suite pour procurer 
un cycle d'injection pilote et delivre le courant aux 
premiere (138) et seconde bobines (140) d'electro- 
aimant pour initier I'injection du carburant un court 
instant apres I'injection pilote et pour arreter I'injec- 
55 tion du carburant. 

8. Procede de commande d'un systeme d'injection de 
carburant, le systeme d'injection de carburant in- 
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cluant un injecteurdecarburant (50), un element de 
soupape d'injecteur (120) couple a I'injecteur de 
carburant (50), une premiere bobine d'electro- 
aimant (138) pourdeplacer magnetiquement I'ele- 
ment de soupape (120) a une premiere position 5 
pour entrai ner i'injection du carburant par I'injecteur 
de carburant (50) en reponse a un courant d'exci- 
tation dont la premiere bobine d'electro-aimant 
(138), une seconde bobine d'electro-aimant (140) 
pour deplacer I'element de soupape (1 20) a une se- 10 
conde position pour arreter I'injection du carburant 
par I'injecteur de carburant (50) en reponse au cou- 
rant d'excitation dans la seconde bobine d'electro- 
aimant (140), et un systeme de commande electro- 
nique couple a la premiere bobine d'electro-aimant *5 
(138) et a la seconde bobine d'electro-aimant (140) 
pour delivrer le courant d'excitation, le precede 
comprenant les etapes consistant a : 

delivrer le courant d'excitation a une des bobi- 20 
nes d'electro-aimant ; et 
arreter le courant d'excitation dans I'autre bo- 
bine d'electro-aimant ; et ensuite 
detecter une force contre electro-motrice dans 
I'autre bobine d'electro-aimant resultant du de- 25 
placement de I'element de soupape (120) ; et 
ensuite 

arreter la delivrance du courant d'excitation a 
une des bobines d'electro-aimant sur arrivee 
de I'element de soupape (120) a une des pre- 30 
miere et seconde positions excitees, ou un 
court instant apres que tout rebondissement ait 
diminue. 

9. Procede selon la revendication 8, comprenant, en 35 
outre I'etape consistant a delivrer le courant d'exci- 
tation a I'autre bobine d'electro-aimant avant ou si- 
multanement a la delivrance du courant d'excitation 

a I'une des bobines d'electro-aimant et dans lequel 
I'etape consistant a arreter de delivrer le courant 40 
d'excitation a I'autre bobine d'electro-aimant a Neu 
apres avoir delivre le courant d'excitation a la pre- 
miere des bobines d'electro-aimant. 

10. Procede selon I'une quelconque des revendications 45 
8 ou 9, comprenant, en outre, I'etape consistant a 
delivrer le courant d'excitation a I'autre bobine 
d'electro-aimant apres arret de la delivrance du 
courant d'excitation a la premiere des bobines 
d'electro-aimant, et dans lequel I'element de sou- so 
pape (1 20) tend a demeurer dans une des premiere 
position et seconde positions par le magnetisme re- 
siduel. 

55 
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FIG. 12B 
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FIG. 14B 
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